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Abstract: Adult females of Nasonia vitripennis inject a venomous mixture into its host 
flies prior to oviposition. Recently, the entire genome of this ectoparasitoid wasp was 
sequenced, enabling the identification of 79 venom proteins. The next challenge will be to 
unravel their specific functions, but based on homolog studies, some predictions already 
can be made. Parasitization has an enormous impact on hosts physiology of which five 
major effects are discussed in this review: the impact on immune responses, induction of 
developmental arrest, increases in lipid levels, apoptosis and nutrient releases. The value of 
deciphering this venom is also discussed. 
Keywords: Nasonia; venom; immunity; phenoloxidase; coagulation; development; lipid; 
apoptosis; nutrient 
 
1. Introduction 
Parasitic wasps are important natural enemies of a vast array of insects that can achieve pest status 
in agricultural systems. Several species are important biological control agents used in integrated pest 
management programs relying on augmentative and/or inoculative release strategies. These parasitoids 
also produce an incredible and unutilized pharmacopoeia of venoms that may serve as leads for 
developing new classes of synthetic chemical insecticides. One species of particular interest is the fly 
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ectoparasitoid Nasonia vitripennis, the only parasitic wasp to have its entire genome sequenced. 
Nasonia vitripennis feeds and lays eggs on cyclorrhaphous Diptera, showing preference for large flesh 
fly pupae (Figure 1).  
Figure 1. Female Nasonia vitripennis injecting venom into a pupa of the blowfly 
Calliphora vomitoria. [Picture remains copyright of Prof. Dirk C. de Graaf]. 
 
 
Adult females always inject venom prior to oviposition, and the envenomated fly never survives the 
attack. The venom is highly potent to a wide range of agriculturally important filth flies [1]. The wasp 
is also of medical importance, since it can be used in biological control of the common house fly, 
Musca domestica, a major vector of human disease. Furthermore, its venom is very toxic to multiple 
developmental stages of several mosquitoes that are vectors of such diseases as malaria, encephalitis, 
yellow fever and West Nile fever [2]. 
Envenomation of the host results in systematic alterations of the fly’s physiology. The initial 
research on the venom system of N. vitripennis revealed the protein-producing, insecticidal nature of 
the acid gland and the venom reservoir, and the non-toxic properties of the alkaline gland [3,4]. From 
then on, the function of Nasonia venom gained interest and a lot of research has been done by David 
B. Rivers and colleagues, mostly by performing bio-assays using fluids collected from the female 
reproductive system. Results from those assays suggested that the venom operated by nonparalytic 
means to induce an arrested or delayed development in envenomated hosts [5]. Venom also altered fly 
lipid metabolism, leading to lipid accumulation in the host fat body [6]. In vitro analysis of Nasonia 
venom showed that it could change plasma membrane permeability in different cell lines [7]. 
Subsequently, it was demonstrated that this causes an increase in Na+ influx, probably resulting in 
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venom-induced cell death [8]. When fly hemocytes were examined after an incubation with Nasonia 
venom, suppression of host cellular immune response was suggested to be essential for successful 
feeding by the developing wasp larvae [9].  
Several studies aimed at identifying the venom components involved in these processes. HPLC 
fractionation of venom from N. vitripennis isolated two low molecular weight proteins, apamin and 
histamine [10]. Enzymes responsible for phenoloxidase/L-DOPA oxidizing activity and a protein 
resembling calreticulin were discovered thereafter [11,12] respectively. The recent availability of the  
N. vitripennis genome sequences, has yielded an extraordinary amount of identified constituents [13]. 
Seventy-nine venom proteins were identified, of which 23 showed no similarity to any known protein. 
Now the enormous challenge remains to unravel the specific functions these proteins perform in 
influencing host physiology. In the present paper, possible biological functions are predicted based on 
homolog studies. Five major effects of Nasonia parasitization on the host are discussed: the impact on 
immune responses, induction of developmental arrest, increases in lipid levels, apoptosis and  
nutrient release. Possible interactions of the discovered venom proteins with host pathways are  
suggested. Although this exercise is mainly speculative, it seems to us an interesting starting point for 
further research. 
2. Venom and Its Impact on Immune System 
Female parasitoids face the challenge of conditioning the host to maximize progeny production, 
while avoiding ‘excessive’ manipulation that leads to rapid deterioration of the host. For example, 
induction of development arrest and stimulation of nutrient production/release are commonly triggered 
through the action of wasp venoms and other factors of maternal origin (i.e., endosymbiotic viruses, 
VLPs) in an attempt to create an optimal environment for wasp offspring feeding and  
development [14,15]. However, if maternal agents like venom evoke a total suppression of host 
physiology leading to a completely immuno-compromised host, then unregulated microbial attack may 
occur. The result is the unfavorable host environment in which the parasitoid’s progeny compete 
directly with microorganisms for host nutrients, and in turn, face direct invasion by the microbes. Such 
scenarios may occur with both endo- and ectoparasitic wasps. It is thus not surprising that venom 
proteins with potential immunosuppressive and stimulatory properties were identified in venom from 
N. vitripennis.  
2.1. Immune suppression 
Immunity plays a major role in physiological interactions between hosts and their parasitoids. Hosts 
will react to the invasion of foreign agents by producing antimicrobial peptides and reactive oxygen 
species by contact epithelia, fat body and hemocytes and more directly by phagocytosis, encapsulation 
and nodule formation in which specialized hemocytes interplay. The female wasp needs to avoid or 
evade this host immune response by introducing a venomous mixture, often together with virus-like 
particles and/or polydnaviruses [16], at the time of oviposition to subdue the host. Nasonia vitripennis 
injects a toxic venom into its hosts of which some of the recently discovered compounds possibly 
contribute to host immune suppression. Some components in this venom could have a potential 
function in targeting two major host defense cascades: the phenoloxidase cascade and the coagulation 
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cascade. In addition, we will name a number of venom proteins from which the immune suppressive 
function is uncertain and/or purely speculative. 
2.1.1. Phenoloxidase cascade 
A major innate defense system in invertebrates is the melanization of pathogens and damaged 
tissues. This important process is controlled by phenoloxidase (PO), a multicopper oxidase, which 
results in the deposition of melanin around the damaged tissue or intruding object. This physical shield 
around the intruder prevents or retards its growth and, perhaps even more importantly during melanin 
formation, will produce highly reactive and toxic quinine intermediates. These quinones are also 
involved in the production of cytotoxic molecules, such as superoxides and hydroxyl radicals, which 
could aid in the killing of invading microorganisms. Following oviposition by Nasonia, there is no 
evidence of hemolymph clotting at the wound site. However, melanization occurs within a matter of 
minutes in tissues penetrated by the ovipositor [9], and remains localized unless the fly is a  
non-permissive host, in which case melanization and tissue necrosis may spread rapidly from the site 
of venom injection [17]. David B. Rivers and colleagues suggested that the female wasp must inject 
factors into the fly host that retard or inhibit clotting and/or wound healing processes [9]. Reduction of 
PO activity is a well-known strategy of parasitoids, although so far reported almost exclusively in 
braconid and ichneumonid species [18,19]. The proteomic study on the venom composition of  
N. vitripennis done by Dirk C. de Graaf and colleagues [20], rendered three groups of proteins with 
possible inhibitory function on the phenoloxidase pathway, contributing to the prevention of 
encapsulation of endoparasitoid eggs. Figure 2 shows a presentation of potential targets of these 
protein groups on the PO cascade. 
Three proteins found by the proteomic study belong to the group of serine protease inhibitors, or 
often referred to in the literature as serpins. In insects, several biological functions have been proposed 
for serpins [21]. The first one reported to block prophenoloxidase activation was serpin-1J [22] in the 
hemolymph of Manduca sexta. There is also evidence of serine protease inhibitor activity in the 
ovarian fluids of some endoparasitoid wasps [23,24]. These inhibitors have been shown to reduce host 
PO activity, although their exact targets in the cascade are not known. Two serpins in M. sexta, serpin-3 
and serpin-6 [25,26] respectively, inhibit individual ProPO-activating proteinases (PAPs). PAPs are 
preferential targets of serpins to block the PO cascade.  
Protease inhibitors of the cysteine-rich venom protein subgroup are also involved in the inhibition 
of proPO Activating Proteases. LMPI-1 and LMPI-2 from Locusta migratoria are members from the 
Pacifastin inhibitors and show a regulatory role in the prophenoloxidase cascade by inhibiting PAP in 
crayfish hemolymph [27]. Cvp1, a cysteine-rich protein from the endoparasitoid Pimpla 
hypochondriaca, was proposed to be a phenoloxidase inhibitor [28]. It was suggested that this protein 
stabilizes or inhibits venom PO whilst it is stored in the venom sac. Another parasitoid related PO 
inhibitor has recently been presented, Egf1.0 [29]. This polydnavirus protein was found in a bracovirus 
carried by the wasp Microplitis demolitor and targets PAP during the host melanization response. 
Recently, 5 cysteine-rich proteins were discovered in venom from N. vitripennis [20].  
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Figure 2. Phenoloxidase cascade in insects with its possible inhibitory and stimulatory 
proteins of which homologues were found in N. vitripennis venom. Abbreviations:  
LPS = lipopolysacharide, βGRPs = β-1,3-glucan recognition proteins, PGRPs = peptidoglycan 
recognition proteins, CR/Pa = cystein-rich/Pacifastin venom protein, SPI = serine protease 
inhibitor, SP = serine protease, CR/Ku = cystein-rich/Kunitz venom protein, CR/TIL = cystein-
rich/trypsin inhibitor-like venom protein, (pro)PAP = (pro)phenoloxidase-activating protease, 
(P)PO = (pro)phenoloxidase. Words in red indicate inhibitory proteins and the dotted lines 
indicate their targets in the pathway; underlined words indicate stimulatory proteins. 
 
 
The capsules trapping invading microorganisms and parasites require activation of a series of serine 
proteinases. One of these serine proteinases is PAP, which also exists as an inactive zymogen that 
becomes fully activated when serine protease homologs (SPHs) serve as its cofactor/anchor. These 
proteins are present in the plasma of several insects [30] and are non-catalytic serine proteases due to 
mutations in one or more catalytic residues. Interestingly, parasitoid venoms use SPHs as an antagonist 
molecule competing with host SPHs for binding sites of immunolectins and proPO, instead of 
activating the complex. Cotesia rubecula injects a venom protein, Vn50, into its host, Pieris rapae 
[31]. It could down-regulate proPO activation mediated by M. sexta PAP-1, SPH-1 and SPH-2, so 
reducing the proteolysis of proPO instead of inhibiting active PO or PAP-1. Proteomic analyses of 
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venom from N. vitripennis revealed several serine proteases, of which some may have possible 
functions in down-regulating the PO cascade. 
In N. vitripennis venom, two laccase proteins were found. Laccase belongs to the group of proteins 
known as multicopper oxidases and is hypothesized to play an important role in insect cuticle 
sclerotization. The venom protein lac1, found in P. hypochondriaca, showed L-DOPA oxidizing 
activity and has similar PO activity as the enzyme phenoloxidase [32]. It was suggested that venom PO 
derived products, if produced in sufficient quantity, could bind to hemocytes and disrupt their function, 
thus contributing to host immune suppression. But with N. vitripennis, no melanization occurred in cell 
culture media nor does host hemolymph melanize following envenomation [9]. Interestingly, venom 
phenoloxidase activity in Nasonia was found to be critical in the intoxication pathway leading to cell 
death (see below).  
2.1.2. Coagulation cascade 
The clotting reaction of insect hemolymph, which is based on a combination of soluble and  
cell-derived factors, is a part of insect immunity. Nasonia vitripennis venom contains 5 groups of 
proteins that can present a possible inhibitory function on the coagulation cascade of the host. After the 
female wasp has injected venom into the host and has laid her eggs, she often starts making a feeding 
tube (dependent on whether the female has previously oviposited before [33]), connecting the interior 
of the pupa with the exterior of the puparium [34]. Inhibition of coagulation is of crucial importance in 
this process, since the wasp feeds on the host fluid drawn up through the feeding tube. In addition to 
this, the young parasitoid larva also feeds on the host, grabbing and puncturing the host’s integument 
with its mandibles and taking in the host’s body fluids. Richards and Edwards [35] argued that the 
ectoparasitoid Eulophus pennicornis relies entirely on salivary secretions from larvae to knock out host 
defenses. A similar scenario was reported for the ectoparasitoid Euplectrus plathypenae [36]. Larval 
secretions are known to inhibit clotting but they can also contribute to the action of maternal venom. 
The acquisition of unclotted body fluids is probably (maybe partly) established by injecting the venom 
proteins suggested below. Figure 3 shows the speculative targets of these venom proteins on the 
vertebrate coagulation cascade. Although many arthropod clotting factors are not orthologues of blood 
clotting factors, they show novel architectures assembled from domains that are also found in their 
vertebrate counterparts. Therefore, the potential targets of the venom proteins can represent a 
combination of protein domains that are assembled in a different way instead of being real orthologues 
of proteins in the vertebrate coagulation system [37].  
The first protein that could have an inhibitory function on the coagulation cascade of the host is a 
metalloproteinase. Some snake venoms and tick saliva have been found to contain metalloproteases, 
which confer antihemostatic and/or antifibrinogen specific activities [38,39]. A reprolysin-type zinc 
metalloprotease was found in the endoparasitoid wasp P. hypochondriaca, and it was suggested that it 
could act as an effecter of host immune suppression [40]. Just as in snakes, these proteinases are 
involved in the prevention of ‘blood’ clotting following envenomation. The purpose of clotting 
inhibition in snakes by metalloproteases is mainly for a more effective spread of its venom and gaining 
a better digestible prey. A similar function can be assigned to parasitoid venom (see above). Although 
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with P. hypochondriaca, the prevention of clotting serves to inhibit accumulation of hemocytes around 
the parasitoid eggs.  
Figure 3. Coagulation cascade in vertebrates with its possible inhibitory proteins of which 
homologues were found in N. vitripennis venom. Abbreviations: F = factor, fibrinM = fibrin 
monomer, fibrinP = fibrin polymer, MP = metalloprotease, CR/Ku = cystein-rich/Kunitz 
venom protein, CAL = calreticulin, SPI = serine protease inhibitor, Apyr = apyrase. Words 
in red indicate inhibitory proteins and the dotted lines indicate their target molecules in  
the pathway. 
 
Toxins 2010, 2                    
 
 
501
Although we are still far from molecular understanding of coagulation in insects, our knowledge 
about the defense system in horseshoe crab hemocytes has advanced greatly the last few decades [41].  
In 1995, LICI, limulus intracellular coagulation inhibitor has been discovered [42]. This serpin 
specifically inhibits limulus lipopolysaccharide-sensitive serine protease factor C, which takes part in 
the coagulation cascade in horseshoe crabs. Some blood-sucking insects are known to have serpins in 
their saliva that interfere with hemostasis, for example the tick Ixodes ricinus and the vector  
of Chagas’ disease Rhodnius prolixus [43,44]. The ovarian calyx fluid of the endoparasitoid  
Venturia canescens has the potential to alter host hemocyte spreading due to the presence of a putative 
serine protease inhibitor [23]. It was suggested that this serpin interacts with a host enzyme that has a 
similar function as thrombin, thereby inhibiting spreading of the hemocytes. Analyses of Nasonia 
venom by proteomics revealed two Kazal-type serine protease inhibitor-like proteins and one small 
serine proteinase inhibitor-like venom protein.  
The saliva of ticks also often contain yet another anticoagulant peptide that belongs to the Kunitz-
type protease inhibitor family. Tick anticoagulant peptide (TAP), ixolaris and penthalaris were isolated 
from the saliva of two different tick species [45–47]. They bind to and inhibit coagulation factor X/Xa 
and exhibit factor Xa-dependent factor VIIa/tissue factor inhibitory activity. The venom of N. vitripennis 
contains 5 cysteine-rich venom proteins, of which one also contains the Kunitz domain (Figure 3). 
Calreticulin is a highly conserved and ubiquitous protein that is a calcium storage depot in the 
endoplasmic reticulum and participates in calcium signaling. The highly acidic C domain binds the 
clotting factors IX, X and prothrombin [48]. Kuwabara S. and colleagues suggested that calreticulin, 
when infused into the intravascular space, binds to endothelial cells, blocks platelet adhesion and 
activation, and thereby prevents thrombus formation in canine coronary arteries [49]. A calreticulin-like 
protein was detected in Nasonia venom almost simultaneously by immunoblotting [12] and genome 
mining [20].  
Mammalian platelets can be activated by many factors, for example by ADP that recruits and 
activates more platelets, inducing platelet aggregation. Apyrases hydrolyse ADP and therefore inhibit 
collagen- and thrombin-induced platelet reactivity, confirming the major role these proteins play in the 
prevention of thrombus formation. Apyrase activity is also present in the saliva of haematophagous 
arthropods, like Triatoma infestans [50] where it is related to blood feeding. It was remarkable to find 
a similar apyrase in Nasonia venom (Figure 3).  
2.1.3. Other potential immune suppressing compounds 
Both targeted cascades represent direct immune suppression towards the intruders, the parasitoid 
eggs. However, since suppression of these cascades typically occurs with endoparasitic species to 
protect the eggs/larvae, the exact significance to an ectoparasitoid like N. vitripennis still needs to be 
determined. Furthermore, some venom components are assumed to target the overall defense system of 
the host instead of blocking direct encapsulation or clotting around the invading parasitoids. The 
following venom components show strong similarities to proteins that weaken the host by preventing 
initiation of defense mechanisms. 
Although metalloproteases have been speculated (see above) to target the PO and the coagulation 
cascade, they can also function in other anti-immune mechanisms. PrtA, a serralysin-type 
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metalloprotease, was found in Photorhabdus luminescens (Enterobacteriaceae) involved in its host-
pathogen interaction with M. sexta [51]. This virulence factor specifically cleaves immune proteins in 
the hemolymph of the host insect, rendering the host unable to establish the proper immune responses 
against possible threats.  
The braconid wasp Toxoneuron nigriceps is an endoparasitoid that controls its host’s development 
by polydnavirusses, secreted together with its venom, and by teratocytes. The latter are large cells 
present in the hemolymph of the host, that typically originate from the anterior and posterior serosal 
cells that surround the parasitoid embryo during its development. After T. nigriceps venom injection, 
teratocytes produce a putative chitinase that appears just before the egression of the parasitoid larva 
from the host. This chitinase was suggested to be involved in the facilitation of the parasitoid larva 
egression by aiding the digestion of the host cuticle, since the parasitoid larva lacks an elaborate 
mandibular apparatus [52]. Nasonia vitripennis venom also contains a chitinase, but since this wasp is 
an ectoparasitoid and therefore no larval egression is necessary, another function should be attributed 
to this protein. Often, chitinases are involved in breaking the physical barriers and gaining access to 
the host to initiate an infection process. This occurs with the malarial parasite Plasmodium, in which 
the protozoan’s chitinase digests the peritrophic membrane (which consists of chitin) of the  
mosquito [53]. This peritrophic membrane is produced by the gut epithelium and surrounds the blood 
meal, acting as a barrier for invasion of ingested microorganisms. By breaking down the barrier, the 
parasite can gain access to the host.  
Fungal acid phosphatases may target the immune system of the desert locust Schistocerca gregaria [54]. 
In this example, dephosphorylation of immune proteins that have been activated by phosphorylation 
may retard or disable host defenses. Acid phosphatases are also present in the venom of N. vitripennis. 
Calreticulin was already hypothesized to have a potential inhibitory function on the encapsulation 
of the developing parasitoid through the PO cascade. But in the endoparasitoid C. rubecula, 
calreticulin also showed an inhibition of encapsulation, but through a different mechanism [55]. In this 
case, the venom calreticulin might function as an antagonist, competing for binding sites with the host 
calreticulin from the host hemocytes, which mediates early-encapsulation reactions. In addition, in 
humans, an interaction between calreticulin and complement component C1q is well documented [56]. 
Because calreticulin blocks the C1q-immunoglobulin interaction, it was hypothesized to be a potent 
inhibitor of C1q-dependent hemolytic activity [57]. The recent discovery of C1q and calreticulin in the 
N. vitripennis venom gland transcriptome [58] might point to a possible interaction. Further 
investigation is necessary to unravel the true function of calreticulin in Nasonia venom. 
2.2. Immune stimulation 
Venom from N. vitripennis is known for its suppressive potential towards the immune system of its 
hosts. But if host immunity is shut down completely, the host would become highly susceptible to 
external microbial threats with no means of defense. Such a scenario is potentially deleterious to the 
parasitoid’s developing progeny, which conceivably would be forced to compete with microorganisms 
for host nutrients, and could either directly infect/attack the wasp offspring and/or contaminate their 
nutritional source. Thus, one might expect that the parasitoid’s venom suppresses host immunity only 
selectively, for instance by interfering with host melanization and coagulation responses, yet allowing 
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or even stimulating certain antimicrobial defenses. Here we will list a number of Nasonia venom 
proteins that could attribute to immune stimulation. Some reports are more speculative than others.  
A chitin binding-like protein is one of the components present in the venom of N. vitripennis. Chitin 
is a component of the cell wall of fungi, but is also the major structural component of arthropod 
exoskeletons. In the horseshoe crab Tachypleus tridentatus, tachycitin, a small granular component in 
its hemocytes was found to have antimicrobial and chitin-binding activities [59]. Kawabata and 
colleagues suggested that tachycitin is able to recognize chitin exposed at integumental lesions and to 
serve not only as an antibacterial molecule against invading microbes but also in wound healing, which 
may stimulate and accelerate biosynthesis of chitin at sites of injury. Besides the possible antibacterial 
function, chitin-binding proteins may also represent a structural component of the epicuticular lining of 
the venom gland to protect the secretory cells from the toxins they produce. This function was 
suggested by Nico Peiren and colleagues [60] for two endocuticular structural proteins with chitin 
binding activities in the venom gland of the honey bee worker.  
β-1,3-Glucan recognition proteins (βGRP) have strong specific affinity for β-1,3-glucan, a 
component of the fungal cell wall. In Bombyx mori, the synthesis of βGRP is induced by a bacterial or 
yeast challenge, although the gene is constitutively expressed in the hemocytes, fat body and epithelial 
cells [61]. Its interaction with β-1,3-glucan initiates the activation of the prophenoloxidase cascade. 
Drosophila melanogaster possesses at least three members of the Gram-negative bacteria-binding 
protein (DGNBP) family, one of which, DGNBP-1, has already been characterized [62]. DGNBP-1 was 
suggested to function as a pattern recognition receptor for lipopolysaccharides from Gram-negative 
bacteria and β-1,3-glucan from fungi and mediates innate immune signaling for the induction of 
antimicrobial peptide gene induction. A β-1,3-glucan recognition protein is also present in the venom 
of N. vitripennis. 
Dipeptidyl peptidase IV (DPP IV) is part of the prolyl endopeptidase family within the class of the 
serine proteases. It is a membrane-anchored enzyme that sequentially cleaves dipeptides ending in 
proline or alanine. The human DPP IV (or CD26) is a multifunctional type-II membrane bound 
glycoprotein with at least 5 different functions: (1) serine protease, (2) receptor, (3) co-stimulatory 
protein, (4) adhesion molecule for collagen and fibronectin and (5) is involved in apoptosis [63]. 
DPPIV/CD26 plays a major role in human immune responses by activating substrates involved in 
inflammatory processes. DPP IV is also present in venom from snakes, scorpions, spiders, wasps and 
honeybees. In honeybee venom, it is called a “venom trace element,” because it occurs in extremely 
low quantities and has only a local function in the venom duct or reservoir [64]. It activates the toxin 
mellitin in the venom duct and most likely has no function once it is injected in the victim. Since DPP 
IV is also present in venom from N. vitripennis, it could possibly function as a stimulator of venom 
related processes, including immunity.  
Insect angiotensin I-converting enzyme (ACE) is a soluble single-domain peptidyl-dipeptidase of 
which the role in insects remains to be elucidated. In L. migratoria, it was suggested to be involved in 
peptide processing, more specifically by hydrolysis of lysyl-arginine and arginyl-arginine from the  
C-terminus of a prohormone peptide [65]. In the venom from the endoparasitic wasp P. hypochondriaca, 
ACE-like enzyme activity was detected [66]. This venom protein was found to be one of the processing 
enzymes involved in the synthesis of the antibacterial peptide, peptide B, from the C-terminal region of 
pro-enkephalin. It was stated that antibacterial factors present in venom may help guard against 
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pathogens transferred to the host via the orifice created by oviposition. ACE was also found in the 
venom of N. vitripennis.  
Human neutrophils contain serine proteases and a serine protease homologue with antimicrobial 
activity. These proteins are called serprocidins and are located in azurophil granules, which are 
specialized lysosomes of the cells. In horseshoe crab hemocytes, a serine protease homologue, limulus 
factor D, belongs to this family and is co-released with other defense molecules stored in granules, in 
response to external stimulation of LPS [67]. Serine proteases have a conserved role in the activation 
of insect immune reactions, for example in Drosophila, of which the Toll pathway is well studied. The 
Toll receptor is activated by Spatzle, which is processed by complex cascades of serine proteases. It 
has been demonstrated that the serine protease ModSP integrates signals from recognition molecules 
and connects them to the pathway upstream of the Toll receptor [68]. Serine proteases and a serine 
protease homologue have been found in venom from N. vitripennis and a few possible functions of this 
important group of proteases have been proposed above. 
A series of protease inhibitors was found in venom from N. vitripennis, of which two are Kazal-type 
inhibitors and one is a Kunitz-type inhibitor. Interestingly, both types of inhibitors have been found in 
the silk of the wax moth, Galleria mellonella [69]. These silk proteinase inhibitors, SP1 and SP2, are 
involved in the antimicrobial defense by inhibiting bacterial subtilisin and fungal proteinase K. The 
cocoon silk protects the larval instars from microbes, fungi and mites, when it has spun its cocoon. 
Activities of these inhibitors in the wasp’s venom on bacterial and fungal proteinases remain to be 
elucidated.  
3. Venom and Developmental Arrest 
Wasp parasitoids use a variety of methods to modulate their insect hosts in order to create an 
environment that will support and promote their progenies development, usually to the detriment of the 
host insect. Parasitized insects typically undergo developmental arrest and die sometime after the 
parasitoid has become independent of its host. Teratocytes from the endoparasitoid wasp Microplitis 
croceipes inhibit growth, alter development and affect related physiological parameters of Heliothis 
virescens larvae [70]. Furthermore, polydna virions coinjected with venom can induce a variety of 
physiological changes in development and immunity through expression of their genome genes [71]. 
David B. Rivers and colleagues [72] suggested that the venom of N. vitripennis is nonparalytic and 
development of envenomated hosts is either arrested or delayed. It has been demonstrated that host 
developmental arrest by this venom is not due to ecdysteroid deficiency [5]. The recent identification 
of functional proteins in venom from N. vitripennis should lead to further investigation on the exact 
venom proteins responsible for induction of host developmental arrest, as well as determination of the 
pathways manipulated by the venom. A few estimates are made below. 
In this context, it was most interesting to find a protein with great resemblance to Imp-L2, which 
refers to imaginal morphogenesis protein-late 2 in Drosophila [73]. Imp-L2 is a member of the 
immunoglobulin superfamily with an essential developmental role during embryogenesis. It is induced 
by the molting hormone 20-hydroxyecdysone and is suggested to be involved in regulating the 
availability or activity of Drosophila insulin-like peptide [74]. It has recently been characterized as a 
putative homologue of vertebrate IGF (insulin and insulin-like growth factor)-binding protein 7 that 
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binds to Drosophila insulin-like peptide 2 (Dilp2). Imp-L2 is identified as a functioning insulin-binding 
protein that inhibits growth non-autonomously and would therefore be a possible arrestment factor in 
N. vitripennis.  
Metalloproteases can function as anti-immune proteins as presented above, but they also have roles 
in the control of development. EpMP3 is a reprolysin-like metalloproteinase and is a functional 
component of the venom from the parasitic wasp Eulophus pennicornis [75]. After injection of 
recombinant EpMP3 into its host, fifth instar Lacanobia oleracea larvae, its development is retarded 
with a reduction of growth and a failed moulting process. Since a metalloprotease is present in venom 
produced by N. vitripennis, it would be interesting to explore its possible contribution in immune 
suppression and/or on developmental arrest of the host. 
During the moulting period of an insect, an increase in lysosomal activity in tissues such as the fat 
body occurs. Lysosomes in the southern armyworm (Prodenia eridania Cramer) are known to produce 
arylsulphatase, which might have an important physiological role in regulating the concentrations of 
insect moulting hormones [76]. Together with sulphotransferases, arylsulphatase could deactivate, 
store and reactivate insect moulting hormones through a process of enzymic sulphoconjugation and 
sulphohydrolysis. The arylsulphatase identified in N. vitripennis might therefore interfere in the 
development of the host. 
The mode of action of calreticulin has already been discussed in immune suppression of the host. 
But the calreticulin-like venom protein from N. vitripennis also appears to be a critical agent in 
developmental arrest [12]. When venom calreticulin is bound with antibodies, most injected flies could 
complete pharate adult development to eclosion. When exogenous calreticulin was added, venom’s 
ability to retard fly development was restored. Rivers D.B. and Brogan A. speculated that venom 
calreticulin appears to mobilize intracellular calcium in susceptible cells. However, this protein cannot 
cross the plasma membrane on its own, and may rely on venom PO to function as a ‘carrier’ or a 
molecule that stimulates changes in membrane structure to facilitate entry of calreticulin into target 
tissues. Much more work is needed to elucidate the role of both types of venom proteins in 
developmental arrest.  
4. Venom and Stimulation of Increments of Lipid Levels 
Parasitism of the flesh fly, Sarcophaga bullata by N. vitripennis causes a lipid accumulation in the 
fat body [6]. A proposed pathway for this lipid elevation was presented by Rivers and colleagues [8]. 
Injection of wasp venom into the host involves a change in plasma membrane permeability followed 
by an influx of Na+. This could trigger PLC activation, resulting in IP3 formation and subsequent Ca2+ 
release from mitochondria. In this scenario calcium release subsequently activates PLA2, which in turn 
stimulates fatty acid synthesis in host fat body. This way of elevating host lipids may be a strategy 
employed by the female wasp to maximize the fly as a resource for progeny production. The exact 
component in the venom that induces the change in plasma membrane permeability still needs to  
be found. 
In insects, fat body cells perform endocytic uptake of circulating high density lipophorin (HDLp) 
which carry diacylglycerol (DAG) as their major neutral lipid cargo. An insect homolog of the 
vertebrate very low density lipoprotein receptor was found to mediate this endocytosis of  
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lipophorins [77]. The low-density lipoprotein receptor-like venom protein found in venom from  
N. vitripennis could possibly be responsible for the internalization of HDLp in the fat body. 
5. Venom and Apoptosis 
Venom from N. vitripennis induces cellular injury and culminates in oncotic death. The cells also 
undergo apoptosis, displaying extensive membrane blebbing and condensation of nuclear material. 
Formation of blebs usually involves the disruption of cytoskeletal-membrane interactions and depends 
on rearrangements of intracellular Ca2+ levels [78]. Venom elicits a rapid loss of mitochondrial 
membrane potential, followed by unregulated Ca2+ efflux into the cytosol. This calcium mobilization 
could stimulate cAMP formation and subsequently promotes calcium release, leading to apoptosis of 
the cell.  
The first two candidates in venom to trigger apoptotic pathways in the host would be calreticulin 
and laccase. These venom proteins appear to be critical factors in the intoxication pathway to induce 
cell death. When BTI-TN-5B1-4 cells were pre-treated with PTU (phenylthiourea, a potent inhibitor of 
venom phenoloxidase) and anti-calreticulin polyclonal antibodies, cytotoxic action of venom and 
increases in intracellular calcium were suppressed [12]. Laccase has phenoloxidase activity, which 
could evoke disruption of plasma membrane integrity in susceptible cells, blebbing, rounding and 
swelling [11]. Together with calreticulin, they could be involved in venom-mediated mobilization of 
intracellular calcium that ultimately leads to cell death. 
Apoptosis also involves nucleosomal fragmentation of DNA, performed by nucleases. 
Endonuclease G is a mitochondrion-specific nuclease that translocates to the nucleus during apoptosis. 
It cleaves chromatin DNA into nucleosomal fragments independently of caspases [79]. N. vitripennis 
venom contains an endonuclease-like venom protein. 
γ-Glutamyl transpeptidase (γ-GT) is an enzyme that catalyzes the transpeptidation reaction in  
which a γ–glutamyl moiety is transferred from γ–glutamyl compounds, such as glutathione and  
glutathione-conjugated compounds, to amino acids. The γ–glutamyl cycle is a highly balanced process 
in which γ–GT plays a central role in protecting the cells from oxidative stress by indirectly supporting 
the intracellular glutathione synthesis. Any disruption of this delicate glutathione balance may 
determine significant changes in cell behaviour. In humans, Helicobacter pylori infection of gastric 
epithelial cells induces apoptosis. The purified protein from H. pylori responsible for this induction of 
apoptosis appears to be γ-GT [80]. In host-parasite interactions, γ-GT is also able to induce apoptosis. 
Parasitism by the endophagous braconid Aphidius ervi causes castration of its host Acyrthosiphon 
pisum. γ-GT triggers apoptosis of the cells in the germaria and ovariole sheath of the host by changing 
the glutathione metabolism and causing a consequent oxidative stress [81]. Venom produced by  
N. vitripennis also contains a γ-glutamyl transpeptidase-like venom protein and this venom protein is a 
likely candidate involved in the apoptotic pathway(s) utilized in envenomated hosts.  
6. Venom and Nutritional Functions 
Parasitoids regulate host physiology in an attempt to maximize the mother’s fecundity and to 
provide optimal conditions for offspring to feed and develop. Therefore, the nutritional and 
physiological environment of the host is manipulated by substances injected by the female wasp or 
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other related factors. Teratocytes of endoparasitoids, for example, have a secretory and nutritive 
function to ensure a nutritional milieu for the offspring, while venom of some ectoparasitoids changes 
the host metabolism to provide nutrients. Venom from N. vitripennis contains enzymes presumed to be 
involved in assuring the optimal nutriment for its offspring.  
Trehalose is the main reserve sugar in the hemolymph of flying insects. To utilize hemolymph 
trehalose, insect tissues contain trehalases that catalyze the hydrolysis of one mole of trehalose to two 
moles of glucose. Insects are believed to have two types of trehalases, a soluble form (tre-1) and 
membrane-bound (tre-2) [82]. The discovery of tre-1 as one of the venom proteins synthesized by  
P. hypochondriaca, suggests that the activity of this enzyme is to provide glucose for developing wasp 
larvae. This would indicate a digestive function for parasitoid venom [83]. Trehalase was also found in 
the venom from N. vitripennis. 
Several serine proteases are present in venom from N. vitripennis and different potential functions 
have been proposed above. But a great number of serine proteases are involved in digestion, with 
trypsins as the most extensively studied group. In the hard tick Haemaphysalis longicornis, the HlSP 
gene (H. longicornis Serine Protease) seemed to have similar enzymatic activity with trypsin and was 
involved in blood meal digestion [84]. The larvae of the ectoparasitoid Euplectrus separatae release 
saliva containing a trypsin-like enzyme to digest the host tissues [85].  
A lipase-like venom protein and a lipase similar to the one found in P. hypochondriaca were found 
in venom from N. vitripennis. Studies on the larvae of the endoparasitoid Cotesia kariyai showed that 
feeding on the host fat body occurred with the help of teratocytes [86]. Seven days after parasitization, 
the total amount of lipid from the fat body of the parasitized hosts decreased, while lipase activity of 
the parasitoid larvae increased. This supported the theory that lipases can digest lipid granules in the 
gut of the host and therefore provide nutrients to the parasitoid larvae. 
Acid phosphatases catalyze the hydrolysis of phosphoric esters to release carbohydrates and 
inorganic phosphate. There are a few reports of the presence of this protein in venom. In the honeybee 
Apis mellifera, this enzyme may serve as a predigestion enzyme of prey before it was eaten or fed to 
the young [87]. In parasite-host interactions, it is proposed to be involved in providing nutrients from 
the host. The fungus Metarhizium anisopliae releases acid phosphatases into the haemolymph of its 
host insects for fungal growth [88]. Its presence in venom from P. hypochondriaca provided a source 
of carbohydrate from the host haemolymph for the developing parasitoid larvae [89]. Acid 
phosphatases were also found in Nasonia venom.  
7. “Unplaced” Venom Proteins 
The study on the venom composition from N. vitripennis also revealed the presence of some 
unplaced proteins that have not been described yet in the context of insect venoms. Their biological 
function remains obscure and these are listed below.  
The General odorant binding protein-like venom protein (GOBP-like venom protein) belongs to the 
group of Odorant-binding proteins (OBP’s) and is involved in the interaction between odorants and the 
elements of the sensillar lymph [90]. Inosine-uridine preferring nucleoside hydrolase serves to salvage 
the host purine nucleosides by catalyzing the hydrolysis of purine and pyrimidine nucleosides into 
ribose and the associated base [91]. The two found aminotransferase-like venom proteins belong to the 
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kynurenine aminotransferase subgroup, involved in the transamination of kynurenine to an α–keto 
acid. There has been one reported in Aedes aegypti [92], but so far, none have been reported in 
venomous secretions. Glucose dehydrogenase is an enzyme in the pentose phosphate pathway and 
belongs to the family of oxidoreductases. Antigen 5-like protein is, in contrast with the other 
mentioned mysterious venom proteins, a known compound in venoms from Hymenoptera [93]. 
However, the biological function of antigen 5-like protein still needs to be elucidated. The two antigen 
5-like venom proteins in N. vitripennis are the first discovered in parasitoid wasp species.  
Last but not least, out of the 79 discovered venom proteins in N. vitripennis, 23 were found to have 
no homology with known proteins and even lack a known conserved domain architecture. 
Consequently, it is impossible to predict their biological function right now.  
8. Conclusions and Future Prospects 
Nasonia vitripennis is an ectoparasitic wasp of fly pupae and pharate adults, meaning that hosts are 
non-mobile and do not feed. This type of host-parasite association initially led some investigators to 
conclude that venom was not necessary for parasitism [94], or if it was used, venom merely served to 
kill the host, thereby ‘fixing’ or ‘preserving’ the nutrient pool available for N. vitripennis [95]. Not 
only does this wasp have an elaborate venom system, it produces venom that is always injected prior to 
oviposition and which is necessary for the successful development of the parasitoid’s progeny. As 
discussed in this review, venom can elicit a diverse range of host responses, including suppression of 
host immune responses to changes in the fly nutritional status, all for the benefit of wasp larvae. The 
fly does not simply become a finite resource following envenomation, rather it undergoes a series of 
regulated, sequential alterations that are synchronized with key developmental events of feeding 
larvae. At the end of the parasitic association, the envenomated host dies, and there is evidence that 
both apoptotic and oncotic pathways are activated. By this point, however, the fly has outlasted its 
physiological value to the parasitoid’s larvae.  
This very impressive manipulation of the fly host appears to be choreographed entirely by venom. 
Such biological and physiological diversity in host responses has led to previous speculation that 
venom from N. vitripennis contains a wealth of compounds with unique chemistries and modes of 
actions. Genome mining and proteomic analyses of venom glands have confirmed these assertions. 
Seventy-nine proteins were identified in venom, with known functions being assigned to forty-six of 
the venom proteins. Most importantly, we now have identified a series of potential candidates in the 
venom that have obvious potential roles in venom-mediated immunosuppression, induction of 
developmental arrest, elevation of host lipid levels, changes in nutrient release, and termination of the 
fly’s life through apoptosis and oncosis. The next step is to confirm the functionality of the  
seventy-nine proteins. 
Deciphering the venom cocktail of N. vitripennis has value at many levels. At the applied level, 
several of the identified venom proteins may have considerable potential in the development of 
biorational insecticides. Crude venom demonstrates toxicity toward pest insects from three different 
orders [39], yet displays selectivity for specific fly and mosquito species [2,39]. The latter aspect is 
incredibly important as there are relatively few naturally occurring toxins with dipteran specificity 
available for use in the construction of selective bioinsecticides. The most widely used are produced by 
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bacteria such as Bacllius thuringiensis and B. sphaericus, but are limited because the toxins are only 
active against aquatic stages of dipteran pests [96,97]. Thus, the specificity of venom, and presumably 
individual venom proteins, from N. vitripennis offers promise of adding powerful new chemical 
weapons to the arsenal of compounds used to control medically and agriculturally important fly pests.  
At the basic level of research, several of the identified venom proteins may serve as important tools 
for examining the mechanisms used to manipulate and modify the host condition. For example, wasp 
venom appears to contain proteins specific for at least two enzymatic cascades typically associated 
with host immune responses. The modes of action of these proteins will shed light not only on 
functionality of the venom proteins, but also with regard to general aspects of insect body defenses. 
Similarly, venom proteins have the potential to be used in understanding insect lipid metabolism since 
one or more of these proteins trigger lipid uptake/accumulation and/or inhibit nutrient release in fly fat 
body. It is also conceivable that multiple venom proteins can be tools used to decode key events in fly 
development; particularly pathways involved in developmental arrestment, such as seasonal 
hibernation programs like diapause. 
The possible function of several of the proteins discovered in venom from N. vitripennis may also 
open up new doors for exploring the evolution of parasitism within the parasitic Hymenoptera. The 
proposed function discussed in this review for specific venom proteins in immunosuppression 
cascades, developmental arrest, lipid modifications, and apoptosis overlap with gene products from 
many polydnaviruses and baculoviruses [10]. In several instances, there appear to be similarities in 
target sites (e.g., hemocytes) within hosts and nearly identical host responses, suggesting a possible 
common ancestry between wasp venoms (from both endo- and ecto-parasitoids) and polydnaviruses.  
An intriguing research area to explore is in the possibility that venom may merely be an evolutionary 
remnant of a past symbiotic relationship between wasps and viruses [98,10]. Comparisons of venom 
gene sequences of the newly discovered venom proteins from N. vitripennis with viral genes from 
endo- and ecto-parasitic wasps is one step toward uncovering their evolutionary relationships. Such 
information offers to provide great insight into the modes of action of wasp venoms and other  
insect-selective toxins through comparisons of homologous regions between viral, bacterial and venom 
gene products, and using in vitro and in vivo bioassays.  
References and Notes 
1. Rivers, D.B. Evaluation of host responses as means to assess ectoparasitic pteromalid wasp’s 
potential for controlling manure-breeding flies. Biol. Contr. 2004, 30, 181–192. 
2. Rivers, D.B.; Di Chira, J.; Tubman, A.; Yoder, J.A. Toxicity of crude venom from Nasonia 
vitripennis (Walker) (Hymenoptera: Pteromalidae) toward cultured cells and different 
developmental stages of mosquitoes and ticks. In Recent Advances in the Biochemistry, Toxicity 
and Mode of Action of Parasitic Wasp Venoms; Rivers, D.B., Yoder, J.A., Eds.; Research 
Signposts: Kerala, India, 2007; pp. 1–18. 
3. Ratcliffe, N.A.; King, P.E. Morphological, ultrastructural, histochemical and electrophoretic 
studies on the venom system of Nasonia vitripennis (Walker) (Hymenoptera: Pteromalidae). J. 
Morph. 1969, 127, 177–203. 
Toxins 2010, 2                    
 
 
510
4. Ratcliffe, N.A.; King, P.E. The “venom” system of Nasonia vitripennis (Walker) (Hymenoptera: 
pteromalidae). Proc. R. Ent. Soc. Lond. A 1967, 42, 49–61. 
5. Rivers, D.B.; Denlinger, D.L. Developmental fate of the flesh fly Sarcophaga bullata, 
envenomated by the pupal ectoparasitoid, Nasonia vitripennis. J. Insect Physiol. 1994, 40, 121–127. 
6. Rivers, D.B.; Denlinger, D.L. Venom-induced alteration in fly metabolism and its impact on 
larval development of the ectoparasitoid Nasonia vitripennis (Walker) (Hymenopter: 
Pteromalidae). J. Invert. Pathol. 1995, 66, 104–110. 
7. Rivers, D.B.; Genco, M.; Sanchez, R.A. In vitro analysis of venom from the wasp Nasonia 
vitripennis: susceptibility of different cell lines and venom-induced changes in plasma membrane 
permeability. In Vitro Cell. Dev. Biol. Animal 1999, 35, 102–110. 
8. Rivers, D.B.; Rocco, M.M.; Frayha, A.R. Venom from the ectoparasitic wasp Nasonia vitripennis 
increases Na+ influx and activates phospholipase C and phospholipase A2 dependent signal 
transduction pathways in cultured insect cells. Toxicon 2002, 40, 9–21. 
9. Rivers, D.B.; Ruggiero, L.; Hayes, M. The ectoparasitic wasp Nasonia vitripennis (Walker) 
(Hymenoptera: Pteromalidae) differentially affects cells mediating the immune response of its 
flesh fly host, Sarcophaga bullata Parker (Diptera: Sarcophagidae). J. Insect Phys. 2002, 48, 
1053–1064. 
10. Rivers, D.B.; Ergin, E.; Uckan, F. Cell death in the host-parasitoid relationship. In New 
developments in cell apoptosis research; Corvin, A.J., Ed.; Nova Science Publishers: New York, 
NY, USA, 2006; pp. 69–96. 
11. Abt, M.; River, D.B. Characterization of phenoloxidase activity in venom from the ectoparasitoid 
Nasonia vitripennis (Walker) (Hymenoptera: Pteromalidae). J. Invert. Path. 2007, 94, 108–118. 
12. Rivers, D.B.; Brogan, A. Venom glands from the ectoparasitoid Nasonia vitripennis (Walker) 
(Hymenoptera: Pteromalidae) produce a calreticulin-like protein that functions in developmental 
arrest and cell death in the flesh fly host, Sarcophaga bullata Parker (Diptera: Sarcophagidae). In 
Insect Physiology: New Research; Maes, R.P., Ed.; Nova Science Publishers: New York, NY, 
USA, 2008; pp. 259–278. 
13. The Nasonia Genome Working Group. Functional and evolutionary insights from the genomes of 
three parasitoid Nasonia species. Science 2010, 327, 343–348. 
14. Nakamatsu, Y.; Tanaka, T. Development of a gregarious ectoparasitoid, Euplectrus separatae 
(Hymenoptera: Eulophidae), that parasitizes Pseudaletia separate (Lepidoptera: Noctuidae). 
Arthr. Struct. Dev. 2003, 32, 329–336. 
15. Strand, M.R.; Pech, L.L. Immunological basis for compatability in parasitoid host relationships. 
Ann. Rev. Entomol. 1995, 40, 31–56. 
16. de Buron, I.; Beckage, N.E. Characterization of a polydnavirus (PDV) and virus-like filamentous 
particles (VLFP) in the braconid wasp Cotesia congregate (Hymenoptera: Braconidae). J. 
Invertebr. Pathol. 1992, 59, 315–327. 
17. Rivers, D.B. Evasion of host defense by ectoparasitic wasps. Tr. Entom. 2003, 3, 131–141. 
18. Beckage, N.; Metcalf, J.; Nesbit, K.; Schleifer, K.; Zetlan, S.R.; de Buron, I. Host hemolymph 
monophenoloxidase activity in parasite Manduca sexta larvae and evidence for inhibition by wasp 
polydnavirus. Insect Biochem. 1990, 20, 285–294. 
Toxins 2010, 2                    
 
 
511
19. Asgari, S.; Zhan, G.; Zareie, R.; Schmidt, O. A serine proteinase homolog venom protein from an 
endoparasitoid wasp inhibits melanization of the host hemolymph. Insect Biochem. Mol. Biol. 
2003, 33, 1017–1024. 
20. de Graaf, D.C.; Aerts, M.; Brunain, M.; Desjardins, C.A.; Jacobs, F.J.; Werren, J.H.; Devreese, B. 
Insights into the venom composition of the ectoparasitoid wasp Nasonia vitripennis from 
bioinformatics and proteomic studies. Insect Mol. Biol. 2010, 19 (S1), 11–26. 
21. Kanost, M.R. In Serine Protease Inhibitors from the Serpin Gene Family in Manduca sexta and 
Drosophila Melanogaster; Hagedorn, H.H., Hildebrand, J.G., Kidwell, M.G., Law, J.H., Eds.; 
Plenum Press: New York, NY, USA, 1990; pp. 139–146. 
22. Jiang, H.; Kanost, M.R. Characterization and functional analysis of 12 naturally occurring 
reactive site variants of serpin-1 from Manduca sexta. J. Biol. Chem. 1997, 272, 1082–1087. 
23. Beck, M.; Theopold, U.; Schmidt, O. Evidence for serine protease inhibitor activity in the ovarian 
calyx fluid of the endoparasitoid Venturia canescens. J. Insect Physiol. 2000, 46, 1275–1283. 
24. Colinet, D.; Dubuffet, A.; Cazes, D.; Moreau, S.; Drezen, J.M.; Poirie, M. A serpin from the 
parasitoid wasp Leptopilina boulardi targets the Drosophila phenoloxidase cascade. Dev. Comp. 
Immunol. 2009, 33, 681–689. 
25. Zhu, Y.; Gorman, M.; Jiang, H.; Kanost, M.R. Manduca sexta serpin-3 regulates 
prophenoloxidase activation in response to infection by inhibiting prophenoloxidase-activating 
proteinases. J. Biol. Chem. 2003, 278, 46556–46564. 
26. Wang, Y.; Jiang, H. Purification and characterization of Manduca sexta serpin-6: A serine 
proteinase inhibitor that selectively inhibits prophenoloxidase-activating proteinase-3. Insect 
Biochem. Mol. Biol. 2004, 34, 387–395. 
27. Kellenberger, C.; Roussel, A. Structure-activity relationship within the serine protease inhibitors 
of the Pacifastin family. Prot. Pept. Lett. 2005, 12, 409–414. 
28. Parkinson, N.M.; Conyers, C.; Keen, J.; MacNicoll, A.; Smith, I.; Audsley, N.; Weaver, R. 
Towards a comprehensive view of the primary structure of venom proteins from the parasitoid 
wasp Pimpla hypochondriaca. Insect Biochem. Mol. Biol. 2004, 34, 565–571. 
29. Beck, M.H.; Strand, M.R. A novel polydnavirus protein inhibits the insect phenoloxidase 
activation pathway. Proc. Nat. Acad. Sci. USA 2007, 104, 19267–19272. 
30. Yu, X.Q.; Jiang, H.; Wang, Y.; Kanost, M.R. Nonproteolytic serine proteinase homologs are 
involved in prophenoloxidase activation in the tobacco hornworm, Manduca sexta. Insect 
Biochem. Mol. Biol. 2003, 33, 197–208. 
31. Zhang, G.; Lu, Z.; Jiang, H.; Asgari, S. Negative regulation of prophenoloxidase (proPO) 
activation by a clip-domain serine proteinase homolog (SPH) from endoparasitoid venom. Insect 
Biochem. Mol. Biol. 2004, 34, 477–483. 
32. Parkinson, N.; Smith, I.; Weaver, R.; Edwards, J.P. A new form of arthropod phenoloxidase is 
abundant in the parasitoid wasp Pimpla hypochondriaca. Insect Biochem. Mol. Biol. 2001, 31, 
57–63. 
33. Rivers, D.B. Changes in oviposition behavior of the ectoparasitoids Nasonia vitripennis and 
Muscidifurax zaraptor (Hymenoptera: Pteromalidae) when using different species of fly hosts, 
prior oviposition experience, and allospecific competition. Ann. Entomol. Soc. A 1996, 89, 466–474. 
Toxins 2010, 2                    
 
 
512
34. Whiting, A.R. The biology of the parasitic wasp Mormoniella vitripennis [=Nasonia brevicornis] 
(Walker). Q. Rev. Biol. 1967, 42, 333–406. 
35. Richards, E.H.; Edwards, J.P. Parasitism of Lacanobia oleracea (Lepidoptera) by the 
ectoparasitoid, Eulophus pennicornis, is associated with a reduction in host haemolymph 
phenoloxidase activity. Comp. Biochem. Physiol. B-Biochem. Mol. Biol. 2000, 127, 289–298. 
36. Coudron, T.A.; Kelly, T.J.; Puttler, B. Developmental responses of Trichoplusia ni (Lepidoptera, 
Noctuidae) to parasitism by the ectoparasite Euplectrus Plathypenae (Hymenoptera, Eulophidae). 
Arch. Insect Biochem. Phys. 1990, 13, 83–94. 
37. Theopold, U.; Schmidt, O.; Söderhäll, K.; Dushay, M.S. Coagulation in arthropods: Defence, 
wound closure and healing. Trends Immunol. 2004, 25, 289–294. 
38. Francischetti, I.M.B.; Mather, T.N.; Ribeiro, J.M.C. Cloning of a salivary gland metalloprotease 
and characterization of gelatinase and fibrin(ogen)lytic activities in the saliva of the Lyme disease 
tick vector Ixodes scapularis. Biochem. Biophys. Res. Comm. 2003, 305, 869–875. 
39. Jia, L.; Shimokawa, K.; Bjarnason, J.B.; Fox, J.W. Snake venom metalloproteinases: Structure, 
function and relationship to the adams family of proteins. Toxicon 1996, 34, 1269–1276. 
40. Parkinson, N.; Conyers, C.; Smith, I. A venom protein from the endoparasitoid wasp Pimpla 
hypochondriaca is similar to snake venom reprolysin-type metalloproteases. J. Invert. Pathol. 
2002, 79, 129–131. 
41. Iwanaga, S.; Kawabata, S.; Muta, T. New types of clotting factors and defense molecules found in 
horseshoe crab hemolymph: Their structures and functions. J. Biochem. 1998, 123, 1–15. 
42. Miura, Y.; Kawabata, S.; Wakamiya, Y.; Nakamura, T.; Iwanaga, S. A limulus intracellular 
coagulation inhibitor type 2. J. Biol. Chem. 1995, 270, 558–565. 
43. Prevot, P.; Adam, B.; Boudjeltia K.Z.; Brossard, M.; Lins, L.; Cauchie, P.; Brasseur, R.; 
Vanhaeverbeek, M.; Vanhamme, L.; Godfroid, E. Anti-hemostatic effects of a serpin from the 
saliva of the tick Ixodes ricinus. J. Biol. Chem. 2006, 281, 26361–26369. 
44. Friedrich, T.; Dröger, B.; Bialojan, S.; Lemaire, H.G.; Höffken, H.W.; Reuschenbach, P.; Otte, 
M.; Dodt, J. A Kazal-type inhibitor with thrombin specificity from Rhodnius prolixus. J. Biol. 
Chem. 1993, 268, 16216–16222. 
45. Waxman, L.; Smith, D.E.; Arcuri, K.E.; Vlasuk, G.P. Tick anticoagulant peptide (TAP) is a novel 
inhibitor of blood coagulation factor Xa. Science 1990, 248, 593–596. 
46. Francischetti, I.M.; Valenzuela, J.G.; Andersen, J.F.; Mather, T.N.; Ribeiro, J.M. Ixolaris, a novel 
recombinant tissue factor pathway inhibitor (TFPI) from the salivary gland of the tick, Ixodes 
scapularis: Identification of factor X and factor Xa as scaffolds for the inhibition of factor 
VIIa/tissue factor complex. Blood 2002, 99, 3602–3612. 
47. Francischetti, I.M.; Mather, T.N.; Ribeiro, J.M. Penthalaris, a novel recombinant five-Kunitz 
tissue factor pathway inhibitor (TFPI) from the salivary gland of the tick vector of Lyme disease, 
Ixodes scapularis. Thromb. Haemost. 2004, 91, 886–898. 
48. Yao, L.; Pike, S.E.; Tosato, G. Laminin binding to the calreticulin fragment vasostatin regulates 
endothelial cell function. J. Leukocyte Biol. 2002, 71, 47–53. 
49. Kuwabara, K.; Pinsky, D.J.; Schmidt, A.M.; Benedict, C.; Brett J.; Ogawa, S.; Broekman, M.J.; 
Marcus, A.J.; Sciacca, R.R.; Michalak, M.; Wang, F.; Pan, Y.C.; Grunfeld, S.; Patton, S.; 
Malinski, T.; Stern, D.M.; Ryan, J. Calreticulin, an antithrombotic agent which binds to vitamin 
Toxins 2010, 2                    
 
 
513
K-dependent coagulation factors, stimulates endothelial nitric oxide production, and limits 
thrombosis in canine coronary arteries. J. Biol. Chem. 1995, 270, 8179–8187. 
50. Faudry, E.; Santana, J.M.; Ebel, C.; Vernet, T.; Teixeira, A.R.L. Salivary apyrases of Triatoma 
infestans are assembled into homo-oligomers. Biochem. Soc. 2006, 396, 509–515. 
51. Felföldi, G.; Marokhazi, J.; Képiro, M.; Venekei, I. Identification of natural target proteins 
indicates functions of a serralysin-type metalloprotease, PrtA, in anti-immune mechanisms. Appl. 
Environ. Microbiol. 2009, 75, 3120–3126. 
52. Cönsoli, F.L.; Brandt, S.L.; Coudron, T.A.; Vinson, S.B. Host regulation and release of 
parasitism-specific proteins in the system Toxoneuron nigriceps–Helitohis virescens. Comp. 
Biochem. Physiol. 2005, 142, 181–191. 
53. Huber, M.; Cabib, E.; Miller, L.H. Malaria parasite chitinase and penetration of the mosquito 
peritrophic membrane. Proc. Natl. Acad. Sci. USA 1991, 88, 2807–2810. 
54. Xia, Y.; Judge, A.J.; Gillespie, J.P.; Clarkson, J.M.; Charnley, A.K. Acid phosphatases in the 
haemolymph of the desert locust, Schistocerca gregaria, infected with the entomopathogenic 
fungus Metarhizium anisopliae. J. Insect Physiol. 2000, 46, 1249–1257. 
55. Zhang, G.M.; Schmidt, O.; Asgari, S. A calreticulin-like protein from endoparasitoid venom fluid 
is involved in host hemocyte inactivation. Dev. Comp. Immunol. 2006, 30, 756–764. 
56. Pagh, R.; Duus, K.; Laursen, I.; Hansen, P.R.; Mangor, J.; Thielens, N.; Arlaud, G.J.; Kongerslev, 
L.; Hojrup, P.; Houen, G. The chaperone and potential mannan-binding lectin (MBL) co-receptor 
calreticulin interacts with MBL through the binding site for MBL-associated serine proteases. 
FEBS Lett. 2008, 275, 515–526. 
57. Kishore, U.; Sontheimer, R.D.; Sastry, K.N.; Zaner, K.S.; Zapp, E.G.; Hughes, G.R.V.; 
Khamashta, M.A.; Strong, P.; Reid, K.B.M.; Eggleton, P. Release of calreticulin from neutrophils 
may alter C1q-mediated immune functions. Biochem. J. 1997, 322, 543–550. 
58. de Graaf, D.C.; Brunain, M.; Scharlaken, B.; Peiren, N.; Devreese, B.; Ebo, D.G.; Stevens, W.J.; 
Desjardins, C.A.; Werren, J.H.; Jacobs, F.J. Novel Apis mellifera and Nasonia vitripennis venom 
associated protein with ancient C1q-like domain. Insect Mol. Biol. 2010, 19 (S1), 1–10. 
59. Kawabata, S.; Nagayama, R.; Hirata, M.; Shigenaga, T.; Lala Agarwala, K.; Saito, T.; Cho, J.; 
Nakajima, H.; Takagi, T.; Iwanaga S. Tachycitin, a small granular component in horseshoe crab 
hemocytes, is an antimicrobial protein with chitin-binding activity. J. Biochem. 1996, 120,  
1253–1260. 
60. Peiren, N.; de Graaf, D.C.; Vanrobaeys, F.; Danneels, E.L.; Devreese, B.; Van Beeumen, J.; 
Jacobs, F.J. Proteomic analysis of the honey bee worker venom gland focusing on the 
mechanisms of protection against tissue damage. Toxicon 2008, 52, 72–83. 
61. Ochiai, M.; Ashida, M. A pattern-recognition protein for β-1,3-glucan. J. Biol. Chem. 2000, 275, 
4995–5002. 
62. Kim, Y.; Ryu, J.; Han, S.; Choi, K.; Nam, K.; Jang, I.; Lemaitre, B.; Bry, P.T.; Lee, W. Gram-
negative bacteria-binding protein, a pattern recognition receptor for lipopolysaccharide and β-1,3-
glucan that mediates the signaling for the induction of innate immune genes in Drosophila 
melanogaster cells. J. Biol. Chem. 2000, 275, 32721–32727. 
63. Boonacker, E.; Van Noorden, C.J.F. The multifunctional or moonlighting protein CD26/DPPIV. 
Eur. J. Cell Biol. 2003, 82, 53–73. 
Toxins 2010, 2                    
 
 
514
64. de Graaf D.C.; Aerts, M.; Danneels, E.; Devreese, B. Bee, wasp and ant venomics pave the way 
for a component-resolved diagnosis of sting allergy. J. Prot. 2009, 72, 145–154. 
65. Isaac, R.E.; Schoofs, L.; Williams, T.A.; Veelaerts, D.; Sajid, M.; Corvol, P.; Coates, D. A novel 
peptide-processing activity of insect peptidyl-dipeptidase A (angiotensin I-converting enzyme): 
The hydrolysis of lysyl-arginine and arginyl-arginine from the C-terminus of an insect 
prohormone peptide. Biochem. J. 1998, 330, 61–65. 
66. Dani, M.P.; Richards, E.H.; Isaac, R.E.; Edwards, J.P. Antibacterial and proteolytic activity in 
venom from the endoparasitic wasp Pimpla hypochondriaca (Hymenoptera: Ichneumonidae). J. 
Insect Phys. 2003, 49, 945–954. 
67. Kawabata, S.; Tokunaga, F.; Kugi, Y.; Motoyama, S.; Miura, Y.; Hirata, M.; Iwanaga, S. Limulus 
factor D, a 43-kDa protein isolated from horseshoe crab hemocytes, is a serine protease 
homologue with antimicrobial activity. FEBS Lett. 1996, 398, 146–150. 
68. Buchon, N.; Poidevin, M.; Kwon, H.M.; Guillou, A.; Sottas, V.; Lee, B.L.; Lemaitre, B. A single 
modular serine protease integrates signals from pattern-recognition receptors upstream of the 
Drosophila Toll pathway. Proc. Natl. Acad. Sci.USA 2009, 106, 12442–12447. 
69. Nirmala, X.; Kodrik, D.; Zurovec, M.; Sehnal, F. Insect silk contains both a Kunitz-type and a 
unique Kazal-type proteinase inhibitor. Eur. J. Biochem. 2001, 268, 2064–2073. 
70. Dahlman, D.L.; Rana, R.L.; Schepers, E.J.; Schepers, T.; DiLuna, F.A.; Webb, B.A. A teratocyte 
gene from a parasitic wasp that is associated with inhibition of insect growth and development 
inhibits host protein synthesis. Insect Mol. Biol. 2003, 12, 527–534. 
71. Tanaka, K.; Matsumoto, H.; Hayakawa, Y. Analysis in the course of polydnavirus replication in 
ovarian calyx cells of the parasitoid wasp, Cotesia kariyai (Hymenoptera: Braconidae). Appl. 
Entomol. Zool. 2002, 37, 323–328. 
72. Rivers, D.B.; Hink, W.F.; Denlinger, D.L. Toxicity of the venom from Nasonia vitripennis 
(Hymenoptera: Pteromalidae) toward fly hosts, nontarget insects, different developmental stages 
and cultured insect cells. Toxicon 1993, 31, 755–765. 
73. Honegger, B.; Galic, M.; Köhler, K.; Wittwer, F.; Brogiolo, W.; Hafen, E.; Stocker, H. Imp-L2, a 
putative homolog of vertebrate IGF-binding protein 7, counteracts insulin signaling in Drosophila 
and is essential for starvation resistance. J. Biol. 2008, 7, 1–11. 
74. Andersen, A.S.; Hansen, P.H.; Schäffer, L.; Kristensen, C. A new secreted insect protein 
belonging to the immunoglobulin superfamily binds insulin and related peptides and inhibits their 
activities. J. Biol. Chem. 2000, 275, 16948–16953 
75. Price, D.R.G.; Bell, H.A.; Hinchliffe, G.; Fitches, E.; Weaver, R.; Gatehouse, J.A. A venom 
metalloproteinase from the parasitic wasp Eulophus pennicornis is toxic towards its host, tomato 
moth (Lacanobia oleracae). Insect Mol. Biol. 2009, 18, 195–202. 
76. Yang, R.S.H.; Pelliccia, J.G.; Wilkinson, C.F. Age-dependent arylsulphatase and 
sulphotransferase activities in the southern armyworm: A possible insect endocrine regulatory 
mechanism? Biochem. J. 1973, 136, 817–820. 
77. Dantuma, N.P.; Potters, M.; De Winther, M.P.J.; Tensen, C.P.; Kooiman, F.P.; Bogerd, J.; Van 
der Horst, D.J. An insect homolog of the vertebrate very low density lipoprotein receptor mediates 
endocytosis of lipophorins. J. Lipid Res. 2009, 40, 973–978. 
Toxins 2010, 2                    
 
 
515
78. Rivers, D.B.; Crawley, T.; Bauser, H. Localization of intracellular calcium release in cells injured 
by venom from the ectoparasitoid Nasonia vitripennis (Walker) (Hymenoptera: Pteromalidae) and 
dependence of calcium mobilization on G-protein activation. J. Insect Physiol. 2005, 51,  
149–160. 
79. Li, L.Y.; Lou, X.; Wang, X. Endonuclease G is an apoptotic DNase when released from 
mitochondria. Nature 2001, 412, 95–99. 
80. Shibayama, K.; Kamachi, K.; Nagata, N.; Yagi, T.; Nada, T.; Doi, Y.; Shibata, N.; Yokoyama, K.; 
Yamane, K.; Kato, H.; Iinuma, Y.; Arakawa, Y. A novel apoptosis-inducing protein from 
Helicobacter pylori. Mol. Microbiol. 2003, 47, 443–451. 
81. Falabella, P.; Riviello, L.; Caccialupi, P.; Rossodivita, T.; Valente M.T.; De Stradis, M.L.; 
Tranfaglia, A.; Varricchio, P.; Gigliotti, S.; Graziani, F.; Malva, C.; Pennacchio, F. A γ-glutamyl 
transpeptidase of Aphidius ervi venom induces apoptosis in the ovaries of host aphids. Insect 
Biochem. Mol. Biol. 2007, 37, 453–465. 
82. Tang, B.; Chen, X.; Liu, Y.; Tian, H.; Liu, J.; Hu J.; Xu, W.; Zhang, W. Charachterization and 
expression patterns of a membrane-bound trehalase from Spodoptera exigua. BMC Mol. Biol. 
2008, 9, 51. 
83. Parkinson, N.M.; Conyers, C.M.; Keen, J.N.; MacNicoll, A.D.; Smith, I.; Weaver, R.J. cDNAs 
encoding large venom proteins from the parasitoid wasp Pimpla hypochondriaca identified by 
random sequence analysis. Comp. Biochem. Physiol. 2003, 134, 513–520. 
84. Miyoshi, T.; Tsuji, N.; Islam, M.K.; Kamio, T.; Fujisaki, K. Enzymatic characterization of a 
cubilin-related serine proteinase from the hard tick Haemaphysalis longicornis. J. Vet. Med. Sci. 
2004, 66, 1195–1198. 
85. Nakamatsu, Y.; Tanaka, T. The function of a trypsin-like enzyme in the saliva of Euplectrus 
separatae larvae. J. Insect Physiol. 2004, 50, 847–854. 
86. Nakamatsu, Y.; Fujii, S.; Tanaka, T. Larvae of an endoparasitoid, Cotesia kariyai (Hymenoptera: 
Braconidae), feed on the host fat body directly in the second stadium with the help of teratocytes. 
J. Insect Physiol. 2002, 48, 1041–1052. 
87. Benton, A.W. Esterases and phosphatases of honeybee venom. J. Apic. Res. 1967, 6, 91–94. 
88. Xia, Y.; Clarkson, J.M.; Charnley, A.K. Acid phosphatase of Metarhizium anisopliae during 
infection of the tobacco hornworm Manduca sexta. Arch. Microbiol. 2001, 176, 427–434. 
89. Dani, M.P.; Edwards, J.P.; Richards, E.H. Hydrolase activity in the venom of the pupal 
endoparasitic wasp Pimpla hypochondriaca. Comp. Biochem. Physiol. 2005, 141, 373–381. 
90. Pelosi, P.; Maida, R. Odorant-binding proteins in insects. Comp. Biochem. Physiol. Biochem. Mol. 
Biol. 1995, 111, 503–514. 
91. Gopaul, D.N.; Meyer, S.L.; Degano, M.; Sacchettini, J.C.; Schramm, V.L. Inosine-uridine 
nucleoside hydrolase from Crithidia fasciculate. Genetic characterization, crystallization, and 
identification of hisitine 241 as a catalytic site residue. Biochemistry 1996, 35, 5963–5970. 
92. Fang, J.; Han, Q.; Li, J. Isolation, characterization, and functional expression of kynurenine 
aminotransferase cDNA from the yellow fever mosquito, Aedes aegypti. Insect Biochem. Mol. 
Biol. 2002, 32, 943–950. 
93. Hoffman, D.R. Hymenoptera venom allergens. Clin. Rev. Allergy Immunol. 2006, 30, 109–128. 
Toxins 2010, 2                    
 
 
516
94. Evans, A.C. Comparative observations on the morphology and biology of some hymenopterous 
parasites of carrion-infesting Diptera. Bull. Entomol. Res. 1993, 24, 385–405. 
95. Beard, R.L. Pathogenic stinging of house-fly pupae of Nasonia vitripennis (Walker). J. Invert. 
Path. 1964, 6, 1–4. 
96. Hickle, L.A.; Fitch, W.L. In Analytical Chemistry of Bacillus Thuringiensis; Fickle, L.A., Fitch, 
W.L., Eds.; American Chemical Society: Washington D.C., USA, 1990; pp. 1–8. 
97. Gill, S.S.; Chang, C.; Chow, E. Mechanism of action of Bacillus thuringiensis CytA and CrylVD 
mosquitocidal toxins. In Molecular Action of Insecticides on Ion Channels; Clark, J.M., Ed; 
American Chemical Society: Washington D.C., USA, 1995; p. 308. 
98. Federici, B.A.; Bigot, Y. Origin and evolution of polydnaviruses by symbiogenesis on insect 
DNA viruses in endoparasitic wasps. J. Insect Phys. 2003, 49, 419–432. 
© 2010 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland. 
This article is an open-access article distributed under the terms and conditions of the Creative 
Commons Attribution license (http://creativecommons.org/licenses/by/3.0/). 
